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Abstract 
Measurement of threshold capillary pressure and evaluation of the sealing efficiency for caprocks are essential to assess the long-
term CO2 storage in deep saline aquifer. These measurements are quite standard for permeable rocks but more challenging for 
very low permeability rocks in terms of accuracy and measurement time. 
We applied three approaches to measure threshold capillary pressure for 3 caprock samples in this study. One approach is the 
step by step approach: stepwise pressure increase by gas at inlet is conducted to measure the threshold capillary pressure. Next 
approach is the residual pressure approach: high gas pressure gradient is instantaneously imposed across the rock samples and 
monitor pressure changes to measure residual capillary pressures. Last approach is mercury porosimetry approach: estimate 
threshold capillary pressure from mercury-air capillary pressure curve. We report the results of these threshold capillary pressure 
measurements and the comparison to each other. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
It is necessary to grasp seal capacity of caplocks (namely threshold capillary pressure) to confirm the long-term 
stability of CO2 when we carry out CO2 underground storage. When we implement CCS projects at depleted oil or 
gas field, initial oil or gas column are very effective data to understand threshold capillary pressure of caprocks. 
However, it is necessary that we use real caprock sample to measure threshold capillary pressure when we 
implement CCS projects at aquifer. 
For measurement approach of the threshold capillary pressure, it is common to use the step-by-step approach 
which is conducted by stepwise pressure increase by gas (non-wetting phase) at inlet [1]. In addition, mercury 
porosimetry approach, which estimates threshold capillary pressure from capillary pressure curve of mercury-air, is 
used too. 
However, these approaches have a problem in terms of accuracy and/or measurement time. To solve this problem, 
several measurement approaches that satisfy both had been proposed. Therefore, we paid attention to the approach 
that Hildenbrand et al. proposed (residual pressure approach), and measured the threshold capillary pressure by each 
approaches for the same sample and compared the results [2][3]. 
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2. Theory of the measurement approach 
2.1. Mercury porosimetry approach  
This approach is to estimate gas-water threshold capillary pressure from pore distribution of samples by using 
mercury porosimeter. We measure the relationship of mercury injection pressure and mercury saturation (mercury 
capillary pressure curve) of the samples by mercury porosimeter, and estimate threshold capillary pressure of 
mercury-air (Pcm-a) from this result [4]. It is common to consider injection pressure when mercury saturation became 
10% to be threshold capillary pressure. And, if gas-water interfacial tension ( ) and contact angle (gas-water gas-water) 
are known, we can estimate gas-water threshold capillary pressure by using equation (1) and mercury-air contact 
angle ( =140°) and interfacial tension ( =481 mN/m) [5][6][7]. Hg-Air Hg-Air
watergas
c
watergaswatergas
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But Egermann reported that this approach ignores the influence of the overburden pressure because samples 
pressurized from all directions [8]. In addition, mercury porosimetry demands samples to be dry, but pore properties 
of the sample changes by drying. 
2.2. Step-By-Step approach 
This approach is to measure flow of the drained pore water when gas invaded in a pore throat of the core. The 
summary of the equipment is Fig 1. 
We set a core sample to core holder and pressurize inlet of the core by gas step by step. When inlet pressure 
exceeds a certain pressure, the non-wetting phase (gas) forms continuous flow pass in a pore network of the core and 
gas flows out from the downstream (gas breakthrough). This pressure is the threshold capillary pressure of this core 
sample. However, we need much time till gas forms continuous flow pass in the core and gas flow out from 
downstream. Therefore, we confirm the flow situation for a period, and we consider the pressure as threshold 
capillary pressure when flow situation satisfied one condition. But this condition is not unified. The following two 
conditions are usually used 
 
a. Total (pore) water production in the fixed period exceeds a standard value. 
b. Water productions don’t stop in fixed period. 
 
This approach is common as technique to measure threshold capillary pressure and well reproduces a state of the 
migration of the gas of the pore scale of the caplock. Therefore, it is used by many reports. 
The problem with this approach is that 
confirmation of the flow situation is 
difficult. Fluid flow (= flow rate) in the core 
is generally slow because the caprocks are 
very low permeability (D order). It may 
lead to overestimate or underestimate of 
threshold capillary pressure. In addition, 
this approach has a trade-off relationship 
between width of the pressure step 
(precisions) and number of the steps 
(measurement time). 
  
Figure 1: Measurement equipment of step-by-step approach 
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2.3. Residual pressure approach.   
This approach, proposed by Hildenbrand et al., is simple and easy to measure threshold capillary pressure. The 
summary of the equipment is Fig 2. 
At first, brine-saturated core is set to the 
core holder, and pressurized inlet pressure 
by gas above expected value of threshold 
capillary pressure. Afterwards, inlet 
pressure decreases and outlet pressure 
increases by breakthrough of gas. Finally, 
inlet and outlet pressure keep equilibrium 
with a certain differential pressure. In this 
approach, this difference pressure is 
interpreted as a threshold capillary pressure. 
In addition, we can estimate the maximum 
effective permeability of the gas from the 
change of inlet and outlet pressure per 
credit hour and inlet and outlet volume. 
 
Figure 2: Measurement equipment of residual pressure approach 
However, Zweigel et al. reported that threshold capillary pressure measured by this approach is lower than 
original threshold capillary pressure because of the flow hysteresis and a process to be called "snap-off" [9]. 
Actually, Egermann et al., reported that threshold capillary pressure measured by residual pressure approach are 
smaller than measured by step-by-step approach for same samples. In addition, they pointed out that maximum 
effective permeability may be different from actual maximum effective permeability because it is measured at a time 
when differential pressure across the core is no longer at its maximum value. 
3. Threshold capillary pressure measurement and Results 
We used one mudstone sample from surface and two mudstone samples from oil production well. We applied 
three approaches to measure Nitrogen-water threshold capillary pressure. We used plug cores for step-by-step 
approach and residual pressure approach. For mercury porosimetry approach, we used cuttings provided when we 
form the core from samples. Table 1 shows the specification of three cores. However, porosity was measured by 
mercury porosimeter from cuttings. 
 
Table1 Specification of three cores 
Sample name core 1 core 2 core 3 
Sample Depth (m) Surface 1379.33 1404.07 
Core Diamente (cm) 2.564 5.306 5.030 
Core length (cm) 1.940 3.503 3.508 
Porosity (%) 27.78 25.54 28.19 
Water permeability (D) 0.679 0.27 0.27 
 
3.1. Measurement results of Mercury porosimetry approach 
We measured pore distribution of three samples with mercury porosimeter. For a sample, we used the cuttings 
provided when we had formed plug core which used for the threshold capillary pressure measurement. Fig 3 shows 
pore distribution (mercury injection pressure  mercury saturation graph) of three samples. We considered the 
pressure when mercury saturation became 10% as mercury-air threshold capillary pressure, and we estimated 
threshold capillary pressure of Nitrogen-brine in 25°C by using equation (1). As a result, we obtained the value of 
4520 kPa for sample1, 10233 kPa for sample2, 751 kPa for sample3 as N2-brine threshold capillary pressure. 
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Figure 3: Mercury injection pressure – Mercury saturation curve (sample 1-3) and N2-water threshold capillary 
pressure of three cores. Where  =140°,  =481 mN/m, 
 
3.2. Measurement results of residual pressure approach  
We carried out N2-brine threshold capillary pressure measurement of three cores by the residual pressure 
approach. Before the measurement, three cores were vacuum saturated with saline brine for core2,3 and pure water 
for core1. As a common condition, gross overburden pressure was 17.2MPa, temperature was 25°C, and initial inlet 
pressure set 9.5MPa. 
Figure 4 shows results of measurement, and threshold capillary pressure was 2140 kPa (core1), 850kPa (core2), 
2640 kPa (core3). 
 
3.3. Measurement results of step-by-step approach 
After residual pressure approach measurements, three cores were re-saturated with same salinity brine or pure 
water. And we carried out step-by-step threshold capillary pressure measurement to three cores. As a common 
condition, gross overburden pressure was 17.2MPa, temperature was 25°C. In this measurement, we set "whether 
brine flow continues more than 24 hours at the same inlet pressure" as a condition to decide threshold capillary 
pressure. If it satisfied that condition, the exiting range of threshold capillary pressure of the core becomes between 
this pressure and the pressure of previous step. 
As a result, we got 3200 - 4200 kPa as threshold capillary pressure of core1 (Fig 5). But, the continuous flow 
more than 24 hours was seen in the low pressure (100kPa) about core 2 and 3. Although in this situation, we 
confirmed the flow more than 24 hours because we expected threshold capillary pressure higher than this pressure 
(100kPa) from mercury porosimetry and residual pressure approach measurements. As a result, we confirmed fluid 
flow stops at higher pressure step, and we raised the pressure and continued the measurement. As a result of 
measurement, we got 900 - 1000kPa as threshold capillary pressure of core2 and 2750 - 3000 kPa as threshold 
capillary pressure of core3. 
Hg-Air Hg-Air N2-Water=0°, N2-Water=72 mN/m 
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Figure 4: Results of threshold capillary pressure measurement by Residual pressure approach  
 
 
Figure 5: Results of Threshold capillary pressure measurement by step-by-step approach  
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4. Discussion
Table 2 shows the threshold capillary pressure measured by three approaches of three samples. For all samples, 
threshold capillary pressure measured by residual pressure approach is lower than by step-by-step approach. This is 
similar to the tendency that Egermann et al. reported. In the following, we describe other considerations about the 
results. 
 
Table 2 Results of threshold capillary pressure measurements (kPa) 
sample 1 sample 2 sample 3
Mercury porosimeter approach 4520 10233 751
Residual pressure approach 2140 850 2640
Step-by-step approach 3200&4200 900&1000 2750&3000  
 
4.1. Heterogeneity of pore distribution of the core 
About sample 2 and 3, threshold capillary pressure from mercury porosimetry are different greatly from threshold 
capillary pressure measured by step-by-step and residual pressure approach. Therefore we gathered some cuttings 
samples from whole core of the depth that gathered a plug core, and measured pore distribution by mercury 
porosimeter measurement. 
As a result, a considerable difference about pore distribution was seen although the sample was provided from 
near point (Fig 6). In addition, we confirmed big unevenness about threshold capillary pressure (provided 10% 
mercury saturation) from those results. 
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Figure 6:  Mercury injection pressure – Mercury saturation curve of samples around core 2(1739.33m) and 
core 3(1404.07m). We confirmed considerable heterogeneities of pore distribution. 
4.2. Comparison of step-by-step approach and residual pressure approach. 
Fig 7 shows threshold capillary pressure of past documents and our measurement results versus water 
permeabilities. We quoted literature values of three literatures (Thomas et al., Ibrahim et al., Schowalter; Li et al.,) 
for data of step-by-step approach and literature values of Hildenbrand et al. for data of residual pressure approach 
[10][11]. In addition, we quoted the results that applied both approach for the same samples from an article of 
Egermann et al. When we compared data with water permeability at the same level in Fig 7, we could confirm a 
tendency that threshold capillary pressure value of residual pressure approach is lower than threshold capillary 
pressure value of step-by-step approach. In addition, we compared the threshold capillary pressure data measured by 
both approach of same sample (Egermann and our measurements). And, we confirmed threshold capillary pressure 
measured by residual pressure approach took 50-90% value compared from step-by-step approach. 
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Figure 7: Relationship of water permeability (k ) and threshold capillary pressure (P ). w c
5. Conclusion 
For comparison of three measurement approaches (step-by-step, residual pressure, mercury porosimetry), we 
carried out threshold capillary pressure measurements by three measurement approaches of three mudstone samples. 
We confirmed that the measured residual capillary pressure was lower than the threshold capillary pressure by 
the step-by-step approach. This tendency is similar to the results of the experimental study by Egermann et al. It is 
believed that the residual pressure approach provides conservative values for sealing efficiency. In addition, we can 
estimate maximum effective permeability of gas at the same time. Therefore, it is thought that we can measure 
correct threshold capillary pressure and effective permeability of gas comparatively early by taking the procedure as 
follows. 
 
a. Carry out the measurement by residual pressure approach and get relative permeability of gas and threshold 
capillary pressure. 
b. Decide a pressure steps from threshold capillary pressure provided above and carry out the measurement by 
the step-by-step method. 
 
The mercury porosimetry approach estimated similar value to the threshold capillary pressure obtained by the 
step-by-step approach for this sample if the sample has monomodal pore distribution. This may suggest that the 
mercury porosimetry approach provides reasonable estimate for the threshold capillary pressure for the 
homogeneous rocks with monomodal pore-size distribution. We can estimate distribution of the threshold capillary 
pressure of wide range of depth because we can use drill cuttings in this method and measurement time are shorter 
than other method. However there is a case where a big difference is caused in the heterogeneous rock sample about 
pore distribution between threshold capillary pressure from mercury porosimetry approach and actual threshold 
capillary pressure. Therefore we need attention when we use the threshold capillary pressures from mercury 
porosimetry approach. 
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